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The mobility degradation mechanisms of n-channel metal-oxide-semiconductor field effect transistors with ZrO 2 and Sm 2 O 3 gate dielectrics were studied. The temperature dependence of device characteristics was studied in the temperature range from 11 to 300 K. n-channel metal-oxide-semiconductor field effect transistors ͑MOSFETs͒ with SiO 2 gate dielectric are used as reference. The electron mobility of ZrO 2 Recently, high-k gate dielectrics have attracted great attention. Zirconium oxide ͑ZrO 2 ͒ and samarium oxide ͑Sm 2 O 3 ͒ are considered as potential replacements of SiO 2 . ZrO 2 has high dielectric constant ͑20-25͒, 1-3 large energy band gap ͑5.4 eV͒, high breakdown electric field ͑7-15 MV/cm͒, high thermal stability, and low leakage current density. 4 Sm 2 O 3 has high dielectric constant ͑12-13͒, large energy band gap ͑4.33 eV͒, high breakdown electric field ͑5-7 MV/cm͒, high thermal stability, and low leakage current density. [5] [6] [7] [8] [9] In the literature, several scattering sources have been reported in devices using high-k dielectrics. [10] [11] [12] Zhu and Ma 13 reported the degradation mechanisms of effective electron mobility in HfO 2 -gated n-channel-metaloxide-semiconductor field effect transistors ͑MOSFETs͒ at various temperatures from 120 to 320 K. Chau et al. 14 showed that the electron mobility degradation in HfO 2 -gated n-MOSFETs was due to surface phonon scattering. Casse et al. 22 observed that the channel mobility degradation in HfO 2 -gated n-MOSFETs was from a remote Coulomb scattering due to fixed charges or dipoles at the HfO 2 / SiO 2 interface. However, there are relatively few studies on the mobility degradation of ZrO 2 -and Sm 2 O 3 -gated MOSFETs, especially as a function of temperature.
In this work, n-MOSFETs with ZrO 2 and Sm 2 O 3 gate dielectrics were fabricated. The mobility degradation is characterized as a function of temperature.
p-type, ͑100͒ orientation, and 4 in. diameter silicon wafers with 1 to 5 ⍀ cm resistivity were used as the starting substrates. The source and drain were defined by wet etching using hard mask SiO 2 and were doped by phosphorous diffusion. After source/drain definitions, the gate dielectric layer was deposited. The ZrO 2 and Sm 2 O 3 gate dielectrics were deposited by rf magnetron sputtering at room temperature. As a comparison, conventional SiO 2 gate dielectric was also fabricated and was grown by thermal oxidation at 850°C for 20 min. The thickness of the oxide film was measured by N&K analyzer ͑model No. 1200͒. After ZrO 2 film deposition, the source and drain contact windows were etched by wet etching using buffered oxide etch ͓HF ͑49% ͒ :NH 4 F ͑40% ͒ =6:1͔. After Sm 2 O 3 film deposition, the source and drain contact windows were etched by wet etching using H 3 PO 4 . The ZrO 2 film was annealed in N 2 ambient at 500°C for 1 min. The Sm 2 O 3 film was annealed in N 2 ambient at 400°C for 1 min. Finally, the aluminum electrodes were evaporated and patterned using wet etching with H 3 PO 4 for SiO 2 -and ZrO 2 -gated MOSFETs. Because H 3 PO 4 also etches Sm 2 O 3 , a lift-off process was used to define aluminum electrodes for Sm 2 O 3 -gated MOSFETs. A postmetallization annealing was performed at 400°C in N 2 ambient for 20 min. The current-voltage ͑I-V͒ characteristics were measured using a computer-controlled Keithley 236 electrometer, and the capacitance-voltage ͑C-V͒ characteristics were measured using MI494. The sample temperature was varied by using a cryostat ͑RMC-Cryosystems model No.
LTS-22-1͒.
For the mobility measurement of MOSFETs with ZrO 2 gate dielectric, the effective mobility of MOSFETs eff can be written as
The inversion charge density Q INV was extracted by measuring the gate-channel capacitance C GC as a function of gate voltage V G using the split capacitance-voltage ͑C-V͒ technique. 16 Q INV is given by
The effective normal field E eff can be expressed in terms of the depletion charge density ͑Q d ͒ and the inversion charge density ͑Q INV ͒,
where ͉Q d ͉ +1/2͉Q INV ͉ is the total silicon charge inside a Gaussian surface through the middle of the inversion layer. Figure 1 shows the electron mobility of ZrO 2 -gated transistors as a function of effective electric field at different temperatures. Figure 2 shows the same for Sm 2 O 3 -gated transistors. The electron mobility of ZrO 2 -gated transistors does not increase linearly with decreasing temperature.
For the mobility degradation mechanisms, the temperature dependence of the threshold voltage was studied in the temperature range from 11 to 300 K. The threshold voltage V T can be written as
where ms is work function difference between aluminum and silicon, Q f is fixed oxide charge, Q m is mobile ionic charge, Q ot is oxide trapped charge, Q it is interface trapped charge, q f is energy difference between Fermi level E F and intrinsic Fermi level E i in silicon, k is Boltzmann constant, N A is impurity concentration of the substrate, and n i is intrinsic carrier concentration. Because ms , Q m , Q f , and Q it are essentially temperature independent, differentiating Eqs. ͑4͒ and ͑5͒ with respect to temperature yields 19, 20 dV
From Eqs. ͑5͒ and ͑6͒,
͑8͒
The second term in Eq. ͑7͒ can be calculated using Eq. ͑8͒ and is about −2.04 mV/ K for SiO 2 -gated transistors and The Mathiessen's rule ͓Eq. ͑9͔͒ and the temperature dependence of inverse mobility ͓Eq. ͑10͔͒ can be written as 21, 22 
where ph , sr , and cb represent the mobilities due to phonon scattering, surface roughness scattering, and Coulomb scattering, respectively. ␣, ␤, ␥, and ␦ are all positive and temperature-independent constants. Differentiating with respect to temperature T, one can find 
͑12͒
When the temperature sensitivity factor ͓d͑1/ eff ͒ / dT͔ is positive, negative, or close to zero, the dominant mobility degradation mechanism can be attributed to phonon scattering, Coulomb scattering, and surface roughness scattering, respectively. Figure 4 shows the temperature sensitivity factor ͓d͑1/ eff ͒ / dT͔ vs E eff of SiO 2 -, ZrO 2 -, and Sm 2 O 3 -gated MOSFETs. The temperature sensitivity factor of Sm 2 O 3 -gated transistors is larger than that of SiO 2 -gated transistors at higher effective field. There is thus additional phonon scattering due to soft optical phonon from Sm 2 O 3 . The temperature sensitivity factor value of ZrO 2 -gated transistors is lower than that of SiO 2 -gated transistors. The additional Coulomb scattering most likely come from additional oxide trapped charges ͑Q ot ͒.
In summary, metal-oxide-semiconductor-field-effecttransistors with ZrO 2 and Sm 2 O 3 gate dielectrics were fabricated and characterized. n-MOSFETs with SiO 2 gate dielectric were used as reference. The electron mobility degradation mechanism of ZrO 2 -and Sm 2 O 3 -gated n-MOSFETs was studied in the temperature range from 11 to 300 K. The variation of the threshold voltage and the electron mobility as a function of temperature was measured.
Compared with SiO 2 -gated transistors, the electron mobility of ZrO 2 -gated n-MOSFETs is limited by Coulomb scattering at electric field above 0.33 MV/ cm. The reason is most likely due to higher density of oxide trapped charges Q ot in the ZrO 2 layer. Comparing with SiO 2 -gated transistors, the electron mobility of Sm 2 O 3 -gated n-MOSFETs is limited by additional phonon scattering at electric field above 0.22 MV/ cm. This is most likely due to soft optical phonons in Sm 2 O 3 -gated n-MOSFETs.
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